Chlamydia trachomatis is an obligate intracellular pathogen that replicates in a vacuole termed the inclusion. Many of the interactions of chlamydiae with the host cell are dependent upon bacterial protein synthesis and presumably exposure of these proteins to the cytosol. Because of the dearth of genetic tools for chlamydiae, previous studies examining secreted proteins required the use of heterologous bacterial systems. Recent advances in genetic manipulation of chlamydia now allow for transformation of the bacteria with plasmids. We describe here a shuttle vector system, pBOMB4, that permits expression of recombinant proteins under constitutive or conditional promoter control. We show that the inclusion membrane protein IncD is secreted in a type III-dependent manner from Yersinia pseudotuberculosis and also secreted from C. trachomatis in infected cells where it localizes appropriately to the inclusion membrane. IncD truncated of the first 30 amino acids containing the secretion signal is no longer secreted and is retained by the bacteria. Cytosolic exposure of secreted proteins can be confirmed by using CyaA, GSK, or microinjection assays. A protein predicted to be retained within the bacteria, NrdB is indeed localized to the chlamydia. In addition, we have shown that the chlamydial effector protein, CPAF, which is secreted into the host cell cytosol by a Sec-dependent pathway, also accesses the cytosol when expressed from this system. These assays should prove useful to assess the secretion of other chlamydial proteins that are potentially exposed to the cytosol of the host cell.
C
hlamydiae are medically significant Gram-negative pathogens of human and veterinary importance. Chlamydia trachomatis is a major cause of human morbidity. The species is comprised of over 15 serologically defined variants, or serovars, associated with distinct tissue tropisms and disease states. Serovars A to C are the most common cause of preventable blindness worldwide (1) . Serovars D to K are the leading cause of bacterial sexually transmitted disease in the developed world. Serovars L1, L2, and L3 are the etiologic agents of a more systemic disease, also sexually transmitted, called lymphogranuloma venereum (LGV) (2, 3) . Other species affecting humans include Chlamydia pneumoniae, a common cause of community-acquired pneumonia (4) , and Chlamydia psittaci, a rare but serious zoonotic disease (5, 6) .
Chlamydiae exhibit a biphasic developmental cycle that involves morphologically and physiologically distinct intracellular and extracellular forms (7, 8) . The extracellular form, called the elementary body (EB), is the infectious form of the life cycle and thus adapted for extracellular survival. The intracellular, replicative form is known as a reticulate body (RB).
Upon endocytosis, the EB is contained within a plasma membrane derived vesicle which is rapidly modified by the bacteria to establish a replicative niche termed the inclusion (9, 10) . The chlamydiae remain within the inclusion for the duration of their intracellular development. The chlamydial inclusion is a unique vacuole that interacts with multiple cellular pathways, organelles, and cytoskeletal components to create a suitable replication niche (11) (12) (13) (14) . As obligate intracellular parasites, chlamydiae interact extensively with the host cell to ensure availability of nutrients, biosynthetic precursors, and avoidance of host protective responses. Chlamydiae encode at least two pathways known to secrete proteins such that they are exposed to the cytosol. The chlamydial proteasome-like activity factor (CPAF) (15) is secreted by a Sec-dependent or type II secretion pathway (16) , where it is further transported to the cytosol by unknown mechanisms. Chlamydiae also encode a type III secretion system (T3SS) (17) (18) (19) , a mechanism used by pathogenic bacteria to translocate bacterial effector proteins across host membranes (20) . Among these secreted effectors are a number of chlamydial proteins, called inclusion membrane proteins (Incs), which are incorporated into the inclusion membrane such that they are exposed to the cytosol (21) and therefore positioned to potentially regulate interactions with the host cell. Over 50 putative inclusion membrane proteins have been predicted in C. trachomatis based upon a characteristic bilobed hydrophobic domain of approximate 40 amino acids (22) (23) (24) (25) (26) .
Due to its obligate intracellular lifestyle, genetic manipulation of chlamydiae has been a challenge in the field. Recently, a method of plasmid transformation of C. trachomatis allowing for the expression of exogenous genetic material has been described (27) . Here, we describe a shuttle vector system to express secreted effector proteins tagged with various reporters from C. trachomatis and use this system to investigate the ability of C. trachomatis to secrete effector proteins into the inclusion membrane and cytosol of host cells during an infection.
MATERIALS AND METHODS
Organisms and cell culture. C. trachomatis serovar L2 (LGV 434/Bu) was propagated in HeLa 229 cells (American Type Culture Collection CCL-2.1) cultured in RPMI 1640 medium (Invitrogen) containing 10% fetal bovine serum (FBS; HyClone) at 37°C and 5% CO 2 . Infectious EBs were purified using a Renografin (Braco Diagnostics) density gradient as described previously (28) . Chlamydial titers were determined as described previously (29) . Progeny EBs were quantified at various time points postinfection by lysing infected cells in distilled water and replating them in triplicate onto fresh HeLa cell monolayers. At 24 h postinfection, monolayers were fixed and stained with a rabbit anti-EB antisera, followed by an anti-rabbit secondary antibody (Jackson ImmunoResearch). Inclusions were counted in 20 fields per sample using a Nikon Eclipse 80i fluorescence microscope, and the numbers of infectious progeny were calculated.
Plasmid construction. The pBOMB4 vector was constructed using GeneArt Seamless cloning (Invitrogen). Primers (Integrated DNA Technologies) used in the construction can be found in Table S1 in the supplemental material. All PCR was performed using the Phusion polymerase (NEB). The plasmid from C. trachomatis L2/434Bu was amplified in two parts, from pgp7 to a region in pgp2, and from pgp2 to pgp8. A new multiple cloning site (MCS) containing BamHI, SacII, NotI, NheI, PstI, AgeI, KpnI, and SalI was synthesized as an oligonucleotide and added to the 3=-end of the L2 vector during amplification of that fragment. The ␤-lactamase gene and promoter and origin of replication were amplified from pGFP:SW2, as was the Neisseria meningitidis promoter and GFPCAT gene. These five segments were assembled using a GeneArt Seamless cloning kit (Invitrogen). The rpoB promoter, was amplified from L2/434Bu genomic DNA, and an overlap-PCR was performed to synthesize a DNA segment containing the second half of the L2 plasmid and the rpoB promoter using DNA from each PCR product as the template. The CAT gene was removed using GeneArt homologous recombination by amplifying the pBOMB4 vector using primers corresponding to the 5= and 3= ends of the CAT gene, which also contained homologous sequences, such that the intervening CAT gene was deleted. The following primer pairs were used: pBOMB.Cat deletion F and L2 overlap R; L2 overlap F and L2 plasmid.R or pBOMB.rpoB.R; pBOMB.Bla.F and pBOMB.Cat deletion.R. A similar approach was used to remove the green fluorescent protein (GFP) gene and replace it with the mCherry gene, which was amplified from the pMCherry-C1 vector (Clontech). Within the native L2 plasmid there are two restriction endonuclease sites, BamHI and PstI, which are also in the MCS; these native sites were mutated using site-directed mutagenesis to remove them. The resulting vectors were named pBOMB4 and pBOMB4R (contains the rpoB promoter). The tetracycline promoter and CyaA gene were amplified from the pJB-Kan-TetRPA-cyaA vector (30) . The tetracycline promoter and mCherry gene were introduced into the MCS of pBOMB4 using BamHI/NotI and NotI/PstI, respectively (NEB), resulting in pBOMB4-Tet-mCherry. All chlamydial genes were amplified from genomic DNA using gene-specific primers with restriction endonuclease sites incorporated into the 5= end of the primers. Primers used are listed in Table S1 in the supplemental material. The 3ϫ-Flag tag was amplified from p3xFLAG-CMV-14 (Sigma). The glycogen synthase kinase (GSK) tag was synthesized using oligonucleotide primers. The Flag, GSK and CyaA tags were added to the ends of the target genes via overlap-PCR.
Real-time quantitative PCR. Density gradient-purified EBs were boiled in 20 mM dithiothreitol (DTT) for 10 min to obtain DNA. Primers designed to the hctA gene were used for genomic DNA enumeration. For the L2 plasmid, primers were designed across the pgp7-pgp8 junction, which is separated in the pBOMB4 vector by the ␤-lactamase gene, origin of replication, and GFP gene. For quantitation of the pBOMB4 vector, primers were designed to the GFP gene. Real-time quantitative PCR was performed using Power SYBR green PCR master mix on a 7900HT Fast real-time PCR system (Applied Biosystems). Copy number was calculated as the fold change in ⌬⌬C T relative to genomic DNA.
Chlamydial transformation. Plasmid DNA was prepared from a methylation deficient strain K-12 ER2925 Escherichia coli (NEB). The following transformation protocol was adapted from procedures developed by Wang et al. (27) , Song et al. (31) , and Agaisse and Derre (32) .
Passage 0 (P0 the bacteria were plated into three wells of HeLa cell monolayers in sixwell plates. The cultures were centrifuged at 2,400 rpm in a Jouan CR412 centrifuge for 30 min, followed by incubation at 37°C in 5% CO 2 .
Passage 1 (P1). At 42 to 48 h postinfection, wells were scraped into sterile distilled water to lyse host cells. Cellular debris was pelleted at 1,500 rpm for 5 min. The supernatant was used to infect a fresh monolayer of HeLa cells in a T150 flask with RPMI 1640 plus 10% fetal bovine serum (FBS), 1 g of cycloheximide (Sigma)/ml, and 0.1 U of penicillin G (Sigma)/ml. Passage 2 (P2). At 42 to 48 h postinfection, flasks were scraped and lysed in water, and cellular debris was pelleted as described above. The supernatant was used to infect a fresh monolayer of HeLa cells in a T25 flask with RPMI 1640 plus 10% FBS and 1 g of cycloheximide/ml and 0.1U of penicillin G/ml.
Passage 3 (P3).
At 72 h postinfection, flasks were scraped and lysed in water. Cellular debris was pelleted, and the supernatant was used to infect a new monolayer of HeLa cells in a T25 flask with RPMI 1640 plus 10% FBS and 1 g of cycloheximide/ml and 0.1 U of penicillin G/ml. Viable inclusions were visible as early as 24 h postinfection. Transformed chlamydiae were plaque cloned in Vero cells (ATCC CCL-81). Briefly, Vero cells were infected with appropriate dilutions of chlamydia transformants and incubated with a 5% agarose/RPMI overlay containing 1 g of cycloheximide (Sigma)/ml and 1 U of penicillin G/ml, until plaques developed. Individual plaques were picked and expanded.
Cyclic AMP (cAMP) assay. The cAMP-Glo assay (Promega) was performed according to the manufacturer's protocols. Briefly, HeLa cells were plated in 96-well plates and infected with C. trachomatis at a multiplicity of infection (MOI) of 1 for 30 min at 37°C. RPMI 1640 without serum, containing 500 M isobutyl-1-methylxanthine (Sigma), and 100 M 4-(3-butoxy-4-methoxy-benzyl) imidazolidone (Sigma) was added, and cells were incubated for 24 h at 37°C in 5% CO 2 . Cells were lysed in cAMP-Glo lysis buffer for 15 min at room temperature (RT), and cAMPGlo detection solution was then added and incubated at room temperature for 20 min, followed by Kinase-Glo reagent for 10 min at room temperature. Luminescence was measured using a Synergy 4 plate reader (BioTek) with a 1-s integration time.
Antibodies. HeLa cells infected at an MOI of 1 were harvested at 24 h postinfection in 2ϫ SDS-PAGE lysis buffer for immunoblotting or fixed in 4% paraformaldehyde for indirect immunofluorescence. The following antibodies were used: anti-EB antisera, anti-Flag (Sigma), anti-CyaA (Santa Cruz Biotechnologies), anti-GSK-3B-tag (Cell Signaling), antiphospho-GSK-3B (Cell Signaling), peroxidase-conjugated donkey antimouse IgG, peroxidase-conjugated donkey anti-rabbit IgG, DyLight 594-goat anti-rabbit, and DyLight 594-goat anti-mouse (Jackson ImmunoResearch). DAPI (4=,6=-diamidino-2-phenylindole; Invitrogen) was used at a concentration of 0.5 g/ml.
Microinjection. Microinjections were performed as previously described (21, 33) . Briefly, C. trachomatis-infected cells were injected at 3 h postinfection using a Micromanipulator 5171 and a Transjector 5426 Plus (Eppendorf, Hamburg, Germany). Anti-Flag antibody was used at 10 g/ml in microinjection buffer (48 mM K 2 HPO 4 , 14 mM NaH 2 HPO 4 , 4.5 mM KH 2 PO 4 [pH 7.2]). Injections were conducted at room temperature, and the delivery pressure and injection duration for most experiments was 1.4 lb/in 2 and 0.5 s, respectively. Cells were fixed 24 h postinfection and stained with secondary antibodies.
Yersinia T3SS. C. trachomatis genes encoding IncD, IncC, and NrdB were fused to neomycin phosphotransferase and cloned into the pFLAG-CTC vector (Sigma) (34) . The constructs were transformed into wild-type (pIB102) and ⌬yscS (pIB68) Yersinia pseudotuberculosis YPIII. Y. pseudotuberculosis was cultured at 26°C for 2 h in the presence of 5 mM calcium or absence of calcium (20 mM MgCl 2 and 5 mM EGTA) to inhibit or promote type III secretion, respectively. Cultures were shifted to 37°C, and IPTG (0.01 mM) was added at the time of the temperature shift to induce expression of the chlamydial proteins. Cultures were harvested after 4 h of growth at 37°C and separated into cell pellet or supernatant fractions. Samples were analyzed by immunoblotting with anti-Flag M2 antibodies to detect the presence or absence of each chlamydial protein.
Samples were also probed with antibodies directed against the Y. pseudotuberculosis type III secretion substrate YopN to determine whether type III secretion was functioning normally in each sample (35) .
Nucleotide sequence accession numbers. Sequences of the pBOMB4 plasmids have been deposited in GenBank under accession numbers KF790906, KF790907, KF790908, KF790909, and KF790910.
RESULTS

Construction of the vector.
We modified the pGFP:SW2 plasmid to develop a shuttle vector that might be more readily manipulated to express genes of interest in C. trachomatis. The pGFP:SW2 plasmid contains the C. trachomatis SW2 plasmid as a backbone (27) . The pGFP:SW2 vector was constructed by piecing several vectors together using traditional cloning techniques (27) , resulting in a vector with restriction endonuclease sites scattered throughout and no multiple cloning site (MCS), limiting the use of restriction enzymes for further cloning. The pBOMB4 vector ( Fig. 1 ) was constructed to remove many of these sites from throughout the vector and to insert a MCS for expression of target genes under the control of constitutive or inducible promoters. The endogenous plasmid from the L2/434Bu strain was amplified and assembled with the ␤-lactamase gene, pUC origin of replication, the RSGFP gene from pSW2:GFP, and an MCS designed in an oligonucleotide using GeneArt Seamless cloning. An mCherry variant of the pBOMB4 vector was also constructed by replacing the RSGFP gene with the mCherry gene (pBOMB4-MCI). Genes can be expressed using an rpoB promoter (pBOMB4R) upstream of the MCS or a tetracycline-inducible promoter (pBOMB4-Tet) which was cloned into the MCS. The resulting pBOMB4 shuttle vectors are ϳ1 kb smaller than pGFP:SW2 and can easily be manipulated to express genes of interest.
Characterization of C. trachomatis L2 transformed with the pBOMB4 vector. To ensure that the C. trachomatis carrying the pBOMB4R plasmid replicated similarly to wild-type chlamydia, we performed a one-step growth curve analysis ( Fig. 2A) . C. trachomatis transformed with either pBOMB4R, pBOMB4R containing an IncD-Flag fusion, or pBOMB4R with an IncD-CyaA fusion, grew at similar rates compared to wild-type bacteria. This indicates that transformed chlamydia, which are constitutively expressing a gene of interest in the pBOMB4R vector, are not negatively affected in their ability to replicate. We also wanted to determine whether the endogenous L2 plasmid was retained after transformation and penicillin selection. Quantitative PCR analysis was performed with primers that amplify genomic DNA, the endogenous L2 plasmid, or the pBOMB4R vector. As shown in Fig. 2B , only the endogenous L2 plasmid is detected in the untransformed C. trachomatis, while in the transformed C. trachomatis only the pBOMB4R vector is detected, indicating that the transformed bacteria lose the original L2 plasmid after transformation with the pBOMB4R vector.
Characterization of a Tet-inducible promoter in chlamydia. C. trachomatis expresses genes throughout its developmental cycle in a sequential pattern of at least three temporal classes, early, midcycle, and late (36, 37) . The potential for toxicity of constitutive expression of genes either out of sequence or in abnormal abundance is a concern. The ability to regulate gene expression is thus essential for studies examining the pathogenesis of chlamydial infection. We assessed the use of the tetracycline-inducible (tet) promoter in pBOMB4-Tet-mCherry, for expression of proteins by C. trachomatis during the infection of host cells. In samples treated with anhydrotetracycline at concentrations of Ն400 ng/ml for 24 h, C. trachomatis inclusions were visibly smaller in size than untreated samples, suggesting that higher concentrations of anhydrotetracycline are inhibitory to chlamydial growth (data not shown). Similar sensitivity to anhydrotetracycline was recently described by Wickstrum et al. (38) . Figure 3A depicts induction of mCherry under the control of the tet promoter with as little as 10 ng of anhydrotetracycline hydrochloride/ml (Fig. 3A) . In separate experiments, Flag-tagged fusion proteins were expressed in the presence of as little as 0.5 ng of anhydrotetracycline /ml (data not shown), a concentration ϳ100-fold less than the MIC for tetracycline (39) . Fluorescent mCherry was visibly detected within 2 h of induction (Fig. 3B) . These results indicate that the tetracycline-inducible promoter is extremely sensitive in chlamydia and provides a tool for the rapid induction of genes of interest.
IncD is secreted in a type III secretion system-dependent manner in Yersinia pseudotuberculosis. Previous characterization of chlamydia T3SS substrates had to be performed in heterologous systems. Yersinia pseudotuberculosis, Shigella flexneri, and Salmonella enterica serovar Typhimurium had each been used to demonstrate type III secretion of chlamydial effector proteins (17, 34, 40, 41) . Heterologous secretion in conjunction with actual localization of the putative effector outside the inclusion had been considered evidence for type III secretion. In one case, translocation of a chlamydial T3S effector protein by Y. pseudotuberculosis across the plasma membrane of host cells was demonstrated (42) . To confirm that the inclusion membrane protein IncD can be secreted via a heterologous T3SS, we expressed IncD fused to the carrier protein neomycin phosphotransferase (Npt) in wild-type Y. pseudotuberculosis or a T3SS-deficient strain, ⌬yscS Y. pseudotuberculosis (Fig. 4) . We included, as a negative control, a cytosolic chlamydial protein, NrdB. IncC, which has previously been shown to be secreted in a T3SS-dependent manner from Y. pseudotuberculosis was included as a positive control (17) . These strains were grown in the presence or absence of calcium to inhibit or induce the T3SS, respectively. Protein expression was induced by the addition of IPTG, and the expression of the T3S apparatus was induced by a temperature shift from 26 to 37°C. The supernatants and pellets were collected to determine whether the tagged proteins were secreted into the supernatant. No secreted product was detected in the Npt empty vector, in the NrdB-expressing negative-control samples, or from the T3SS-deficient strains, indicating that the cells were not lysing and releasing protein into the supernatant. However, the positive control, IncC, was secreted by the wild-type Y. pseudotuberculosis but not the T3SS-deficient ⌬yscS strain. IncD-Flag was secreted from the wild-type Y. pseudotuberculosis transformed with the IncD construct but not from the IncD construct which had the first 30 amino acids deleted (IncD-⌬SS), indicating that the first 30 amino acids contain the secretion signal (SS) required for T3S (Fig. 4A ). Samples were probed with an antibody directed against YopN, an endogenous Yersinia effector, to confirm that the overexpression of these proteins did not interfere with secretion of endogenous Yersinia effectors (Fig. 4B) . These data show that IncD can be secreted in a T3SS-dependent manner by Y. pseudotuberculosis and suggest that it may also be secreted in a T3SS-dependent manner in C. trachomatis.
Secretion of recombinant products from C. trachomatis. To examine the secretion of recombinant proteins in C. trachomatis, we constructed fusion proteins with a C-terminal Flag tag. C. trachomatis was transformed with pBOMB4-Tet containing either an IncD-Flag fusion, IncD-⌬SS-Flag, NrdB-Flag, or CPAF-Flag and examined for localization of the expressed product at 24 h postinfection (Fig. 5A) . The IncD-Flag protein was secreted and appropriately localized in the inclusion membrane; however, IncD-⌬SS-Flag lacking the type III secretion signal was retained within the chlamydiae. The negative-control substrate, NrdB-Flag, was also retained by the chlamydiae and not secreted. CPAF-Flag was also largely retained within the chlamydiae but also clearly observed in the cytosol. Immunoblotting with the anti-Flag antibody confirmed that the fusion proteins were being properly expressed (Fig. 5B) . These data indicate that fusion proteins can be expressed by chlamydiae and properly localized in infected cells.
Inclusion membrane protein IncD is secreted to the inclusion membrane and is exposed to the cytosol. To confirm type III secretion and exposure of IncD to the cytosol, IncD, IncD-⌬SS, and NrdB were constructed with C-terminal fusions to adenylate cyclase (CyaA) and expressed in C. trachomatis L2 (Fig. 6) . Appropriate localization of IncD-CyaA in the inclusion membrane was confirmed by immunofluorescence (Fig. 6A) . As with the Flagtagged fusions, IncD lacking the secretion signal and NrdB were retained within the chlamydiae. Immunoblotting confirmed the expression of each of the constructs (Fig. 6B) . cAMP assays demonstrated an increase in cAMP levels in cells infected with IncDCyaA expressing strains, indicating exposure of CyaA to the cytosol (Fig. 6C) . Consistent with the antibody localization studies described above, IncD-⌬SS-CyaA-and NrdB-CyaA-expressing strains did not demonstrate cAMP levels significantly above background levels.
We also examined the localization of chlamydial proteins tagged with a GSK (glycogen synthase kinase) tag as an alternative means to detect cytosolic exposure. The GSK tag contains 13 amino acids from the glycogen synthase kinase protein and is phosphorylated upon exposure to the cytosol (43) . The IncD-GSK fusion protein localizes to the inclusion membrane and is phosphorylated, while the IncD-⌬SS-GSK and NrdB-GSK fusion proteins are retained within the chlamydiae and are not phosphorylated (Fig. 7A) . To confirm that the IncD-GSK protein is secreted and exposed to the cytosol, we performed SDS-PAGE and immunoblotted with either anti-GSK or anti-phospho-GSK antibodies (Fig. 7B) . The IncD-GSK construct was phosphorylated confirming its exposure to the cytosol.
As additional confirmation of the secretion and exposure of the C-terminal reporters to the cytosol, cells infected with C. trachomatis transformed with IncD-Flag or the vector alone were microinjected with anti-Flag monoclonal antibodies at 3 h postinfection. The cultures were then incubated for an additional 21 h and fixed with paraformaldehyde before addition of DyLight 594-conjugated anti-mouse IgG secondary antibody (Fig. 8) . Circumferential staining of the inclusion membrane was observed in the IncD-Flag expressing strain but not the negative control, confirming the cytosolic exposure of IncD.
DISCUSSION
Until very recently, chlamydiae had been considered genetically intractable (44, 45) . The recently described methods of stably introducing recombinant DNA into C. trachomatis (27) offers unprecedented opportunities to apply modern molecular biology technologies to studies of chlamydial biology and pathogenesis. We describe here a shuttle vector designed for the expression of chlamydial secreted effector proteins tagged with a variety of reporters to demonstrate appropriate localization of two secreted chlamydial effector proteins which are translocated by distinct mechanisms. Although chlamydial genomes encode components of both type II and type III secretion machinery (16) (17) (18) (19) , the lack of genetic tools coupled with their obligate intracellular lifestyle has relegated study of secreted effectors to the use of surrogate systems (34, 40, 41) . With the ability to express tagged versions of putative chlamydial effectors, it is now possible to demonstrate secretion from chlamydia and show localization by immunofluorescence or exposure to the cytosol biochemically through adenylate cyclase activity or phosphorylation of GSK by host kinases.
Studies of chlamydial type III secreted effectors in heterologous systems have utilized intact genes (17, 34, 42, 46) , or in many cases, fusions of the first 20 to 100 N-terminal amino acids to various reporters (23, 34, 40, 47, 48) . Type III secretion signals occur in the N terminus of the protein but lack primary sequence similarity (49) . Computational predictions of type III secreted effectors indicate that the signal sequence is located within the Nterminal 30 amino acids and show compositional bias (50) (51) (52) . Similarly, chlamydial Incs lack primary amino acid sequence similarity even in the putative N-terminal signal sequences and the characteristic bilobed hydrophobic domains (23, 24) . We show here that the type III secretory signal of IncD in C. trachomatis occurs within the first 30 residues, that it is essential for secretion, and that the hydrophobic domain alone is insufficient for inclusion membrane localization. Chlamydiae have been known for some time now to have the capacity for genetic recombination. Many strains of C. suis, a pathogen of swine, contain a transposon-mediated tetracycline resistance cassette integrated into the chromosome (53, 54) . These resistance cassettes share a high degree of sequence similarity to resistance plasmids from a variety of bacterial species and may have been selected for in C. suis as a result of exposure to antibiotic containing feed (53, 54) . Subsequently, recombination between C. trachomatis stains in coinfected cultures was demonstrated (55) (56) (57) (58) . Although chlamydiae appeared to have the capacity for recombination, achieving this under controlled conditions in the laboratory proved more difficult. Transformation of EBs by electroporation and selection for chloramphenicol resistance was successful but unstable (59) . Homologous recombination of the C. psittaci rRNA operon with an electroporated synthetic 16S rRNA allele which imparted resistance to kasugamycin (Ksm) and spectinomycin (Spc) was also shown (60) . A major advance in chlamydial genetics was provided by Wang et al. (27) , who described a robust plasmid-based genetic transformation system that involves transforming EBs with calcium chloride and selection with penicillin (27) . Since the development of these techniques, multiple groups have expanded the genetic tools available by modifying vectors to include various fluorescent proteins, alternative selection markers, and inducible promoters (32, 38, 61) . Another approach used was the use of dendrimers to deliver DNA and transform chlamydiae (62, 63) . The ability to mutate and replace the cryptic chlamydial plasmid has led to the identification of essential and nonessential genes, as well as defining pgp4 as a regulator of virulence-associated gene expression (31, 64) .
Methods to target and knock out specific chlamydial genes using chemical mutagenesis have been described recently (65, 66) and dendrimers have been used to deliver antisense oligonucleotides to specifically knock down target genes (67) . As molecular tools to genetically modify chlamydiae are rapidly being developed, additional means to directly target genes through homologous recombination are likely to become available. Thus, it may soon be possible to disrupt type III secretion in chlamydiae, although the obligate intracellular character of the bacteria may be a severe limitation if secreted effectors are essential for chlamydial survival.
Previous limitations on genetic tools for chlamydiae were an incentive for genomic sequencing as a means to identify biovarspecific virulence determinants. As a consequence, there is good Monolayers of HeLa cells were infected with C. trachomatis L2 transformed with pBOMB4R-IncD-Flag, or pBOMB4R for 3 h before the anti-Flag antibody was microinjected into cells. The cultures were incubated for an additional 21 h before fixation with 4% paraformaldehyde for immunofluorescence. Samples were probed with a secondary antibody of Alexa 594 (red), GFP is expressed from the plasmid in transformed chlamydia (green), and Nomarski (differential interference contrast) images are also shown. Bar, 10 m.
coverage and availability of chlamydial genomes (19, (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) . In addition, there are now several in silico predictive tools for the identification of putative secreted effector proteins (23, 51, 52, 78) . The pBOMB4 vector permits expression of chlamydial proteins under the control of either constitutive or inducible promoters and allows the detection of tagged bacterial proteins by immunofluorescence, immunoblotting, or biochemically. We have applied several methods of confirming that bacterial proteins gain access to the cytosol, including CyaA, GSK, and microinjection assays. With the development of powerful new techniques to genetically manipulate chlamydiae, the field has a wealth of new research avenues to pursue.
